The first ever land campaign to study the spatial variability of the aerosol characteristics along the Brahmaputra river valley (BRV) in Assam, North-Eastern India, was conducted during 2011. Measurements were made over 13 locations for Aerosol Optical Depth (AOD), scattering coefficient, particulate matter, black carbon (BC) concentration and meteorological parameters. The BRV is divided into three sectors longitudinally viz western sector (WS), central sector (CS), and eastern sector (ES). Significant Spatial heterogeneity in AOD and BC concentration was observed (p < 0.05) with the highest values over WS and a continual decrease from WS to ES with aerosol dominance in PM2.5 category along the entire valley. The Angstrom coefficient measured using different wavelength pairs showed spatial variability indicating dominance of fine particles over WS and coarse particles in ES with a probable bimodal distribution. The scattering and absorption coefficient shows dominance of both types of aerosol over WS than other areas. The shortwave radiative forcing was higher over the WS than CS and ES of the valley. The campaign revealed that under favorable wind conditions, the BRV is loaded with significant amount of natural and anthropogenic aerosol during local winter and is influenced by the long-range transport of aerosols from the Indo-Gangetic plain.
Introduction
Aerosols play a key role in climate system by altering the global radiation budg-central Indian region [31] have been conducted.
It is evident that field experiments give the unique opportunity of collecting data over an extended spatial domain within a short time span that is useful in bringing out the special features of aerosols within the campaign area. The Brahmaputra valley in north eastern region (NER) of India with a unique terrain is among the highest rainfall receiving zones in world (Cherrapunjee and Mawsynram that receive world's highest annual rainfall are within this region). Majority of the population in NER resides in the Brahmaputra valley spanning from east to west in the state of Assam. The valley is highly vulnerable to aerosols loading during winter (Nov-Feb) and pre-monsoon season (March-May) owing to the fact that the valley has hills of altitude more than 1500 m all around (Figure 1(a) ), except a narrow opening in the west [15] . The wind over the region is primarily westerlies during the winter and pre-monsoon season that has the potential to carry dust laden air from north-west and west Asian countries along with the contribution from IGP [13] [32] . The winter is also mostly dry with daytime relative humidity remaining below 50% for most of the times. The aerosol within the atmospheric boundary layer therefore has the potential to remain over the area for long duration. The north eastern part of India has not been explored much either in the form of fixed station measurements or during any of the campaigns mentioned above except partly during the CAIPEEX program [30] . Therefore, to examine the spatial variability of the aerosol characteristics along the BRV, a land campaign was conducted by North Eastern Space Applications Centre (NESAC) in collaboration with Dibrugarh University, by collecting in-situ data from west to east along the BRV during the period from February 3 to March 2, 2011. In this paper, we present the results of columnar and surface aerosol measurements, absorption and scattering measurements carried out during the campaign. The RF calculated using SBDART model for the campaign locations are also presented in this paper.
Site Description and Meteorology
The campaign was conducted along the Brahmaputra River flowing east to west in the Assam state in India. The Brahmaputra Valley is surrounded by the mountains of Yanan to the East, the Meghalaya plateau and Nagaland hills in the South, and the Himalayan Mountains and the Tibetan plateau to the North. The valley has a narrow opening is the west towards the IGP in India making the region vulnerable to aerosol transport and trapping over the BRV (Figure 1(a) ).
The campaign covered a road distance of about 800 km extending from 89.97˚E to 95.55˚E and 26.1˚N to 27.6˚N, starting at Dhubri (westernmost point) and ending at Doomdoma (easternmost point) as shown in Figure 1 The CS region is largely covered by moderately dense vegetation and large water bodies, a large number of tea gardens, and one oil refinery. The BRV gets narrowed down in the ES with densely vegetated hills on both side and is mostly covered by tea gardens in addition to several oil fields and coal mines.
The NCEP/NCAR reanalysis data on synoptic wind at 700 mb and 850 mb pressure level over the region is shown in Figure 2 . The wind was of the order of 1 -3 m/s at 850 mb and was mostly north-westerly, while that at 700 mb was 
Instruments and Model Description
The measurements were made continuously for 48 hours in each location using and with a temporal resolution of 5 minutes at all the stations. The Aethalometer measurement is subject to uncertainties that arise from the multiple scattering effects in the filter tape and the shadowing effects. The corrections for these uncertainties were done following Weingartner et al. [35] and Nair et al. [34] . 
Quartz Crystal Microbalance Impactor

Integrating Nephelometer
The scattering properties of aerosols (βsca) were measured using an Integrating 
Microtops Sunphotometer
The aerosol optical depth measurements were made using a MICROTOPS II (make: solar light company, Inc, USA) hand-held multi-band Sunphotometer.
The instrument has five accurately aligned optical collimators having full field view of 2.5°. The instrument made simultaneous measurement of Aerosol Optical Depth (AOD) at 380, 440, 500, 936, and 1020 nm wavelengths. The amount of precipitable water in atmospheric column was determined by measurements at 936 nm (complete water absorption channel) and 1020 nm (no water absorption). A detailed description about the instrument functions and its calibration and validation is provided by Morys et al. [36] .
SBDART Model
The SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer) multiple scattering model [37] was used to estimate the aerosol RF for all the loca- 
Results and Discussions
The aerosol characterization over RBV has been done by studying different optical and physical properties of aerosol and estimating their effect on the radiative balance of the Earth-Atmosphere system. Continuous measurement was made for 48 hours over 13 locations along the valley. The data collected for the entire period of observation was used to estimate the station wise mean. Standard deviation from mean was also computed each station. The observations made are analyzed below.
Aerosol Optical Depth
The aerosol optical depth (AOD) provides the most comprehensive description of optical properties of aerosol. AOD is defined as the integral of the atmospheric extinction coefficient due to aerosol from the surface to the top of the atmosphere [38] . AOD is a highly wavelength dependent parameter due to their different physical and chemical characteristics and knowledge on the spectral dependence of AOD is important for adequately modeling the effects of aerosols on the radiation budget [39] . The qualitative assessment of spectral dependence of AOD can be made by the Angstrom exponent α [40] . A detail discussion on α [41] . AOD values at higher wavelengths are more affected by naturally produced coarser aerosols, while the submicron sized aerosols produced mostly because of various anthropogenic activities contribute maximum to AODs at smaller wavelengths [42] . The higher AOD in all channels over the entire valley suggest both higher natural and anthropogenic aerosol along the valley.
Total aerosol loading in the atmosphere over any location depends on the differences between production of aerosols from all possible sources (either locally produced or transported to that location by wind) and their sinks (either gravitational settling or transported to other locations by wind) [42] . This means that even if there is no difference in source strength of aerosols, any weakening of the sink mechanisms can result in pile up of aerosols in the atmosphere which may manifest itself in terms of higher aerosol optical depth. There was a rainfall of the order of 2 -5 mm over large part of CS and ES, when the vehicle was stationed in NGN. Such a small amount of rainfall cannot do any large scale removal of aerosol from atmosphere. However, still it could cause moderate reduction in AOD over subsequent stations like TZU and BKH. The AOD over JRH and SVG showed lowest value even though data were collected five to seven days after the rainfall event.
Ångström Exponent
Another important parameter used for optical and physical characterization of aerosol is Ångström Exponent (AE, α), which is computed from the Ångström's [40] empirical formula:
where AOD λ is the AOD at wavelength λ and β is the turbidity coefficient and is equal to AOD for λ = 1 µm. Logarithm of Equation (1) 
Taking ratio of Equation (2), the AE can be calculated from the spectral values of AOD as:
AE is useful to compare and characterize the wavelength dependence of AOD and columnar aerosol size distribution [39] [43] . A relative increase in the number of fine particles with respect to the coarse mode particles will result an increase in the value of AE and vice versa. However, AE estimated using Sun-photometer measured AOD depends on the wavelength pair used for the computation [39] [44] [45] . Reid et al. [45] have shown that AE computed using longer wavelength pair is more sensitive to changes in the amount of coarse mode aerosols while AE computed using shorter wavelength pairs is more sensi- 
where α 0 , α 1 , and α 2 are constants. The coefficient α 2 accounts for a curvature often observed in sun-photometry measurements [50] . As a parameter to quantify the curvature of AOD λ , the second derivative of lnAOD λ versus lnλ is utilized as it is related to the derivative of AE with respect to lnλ [39] [45] [49] . The second derivative (α') of AE is a measure of the rate of change of slope with respect to wavelength. From Equations (2) and (4), the following relationship can be obtained:
A curvature in lnAOD λ versus lnλ plot can provide useful information for type of aerosol [45] [49] . While a concave curve depicts dominance of biomass burning and/or urban/industrial aerosol, a convex curve depicts a dust dominated aerosol [39] . They [39] [45] [49] also concluded that aerosol dominated by coarse modes and having bimodal distribution could have very small curvature for lnAOD λ versus lnλ, making polynomial fit to be linear. Figure 6 shows the plot for lnAOD λ versus lnλ for all the stations along the BRV. It is clear that none of the station in BRV has any significant curvature for lnAOD λ versus lnλ, suggesting a possible presence of bimodal distribution with presence of both biomass burning aerosols and dust aerosols.
The second derivative of AE (α' = −2α 2 ) has been used for qualitative assessment of aerosol particle size. A positive value of α' indicates aerosol size distribution Figure 6 . Spectral AOD over the BRV in log scale. [50] also concluded that the if the values of α computed using shorter wavelength pair is larger than that computed using longer wavelength pair and the second derivative of AE is negative, that strongly characterizes aerosol size distribution significantly dominated by coarse mode aerosols. The opposite of the above was characteristic of fine mode dominance. Figure 7 depicts the distribution of second derivative of AE along with the AOD at 500 nm and difference of α S and α L for all the sites along the BRV.
The locations in the ES show negative values for second derivative of AE for all locations except over TSK supported with higher value of α S than α L . This clearly indicates dominance of aerosol with coarser mode over these locations. TSK, being a railway hub in the ES and has relatively higher population density than other locations in ES, could have more anthropogenic aerosols leading to fine mode fraction dominance. The same can also be inferred from relatively higher AOD over TSK than other locations in ES.
The locations in WS and CS except JRH have negligible difference between the values in α S and α L , and have moderately higher positive value for the second derivative of AE. This indicates the presence of aerosol distribution with significant presence of both fine and coarse mode aerosols over these locations with a higher number concentration of fine mode aerosols. The AOD at 500 nm wavelength also is significantly higher over these locations, which also support the presence of aerosols with bimodal distribution over these locations.
Aerosol Mass Concentration and Absorption Properties
The aerosol mass concentrations over all locations along the BRV were measured Figure 7 . The AOD at 500 nm wavelength, second derivative of AE, and difference of AE computed using shorter and longer wavelength pair for all sites along the BRV. The zero value level is shown with a solid black line.
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Two locations in WS named DHB and GHG showed significantly lower value of PM, irrespective of relatively higher value of BC concentration and AOD. The AOD is a columnar data with contribution from aerosol in the entire column over the measurement sites unlike the BC and PM concentrations representing the surface level aerosol. There could be significant amount of aerosol well above the surface over these two locations contributing to the overall increase in AOD.
This observation also supports the concept of significant contribution of Figure 8 . Variation of BC, PM10, and PM2.5 along the campaign train with vertical bars representing one standard deviation on both sides. . Pathak et al. [52] also reported an appreciable day-to-day variability in BC concentration particularly at the western locations and at DMD in the eastern sector. This was attributed partly to the proximity of these locations to coal mines or coal dumps over extreme eastern locations. A decreasing trend in BC concentration was observed from west to east which could be attributed to similar reasons discussed in Section 4.1.
The aerosol absorption coefficient (β abs ) was computed for 520 nm wavelength and is shown in Figure 9 . β abs was computed by measuring the attenuation (ATN) of the incident light transmitted through the sample spot on a quartz fiber filter loaded in the Aethalometer. The absorption exponent was computed using the raw absorbance data recorded by Aethalometer. The absorption coefficient provides an idea about the amount of particulate absorption in the atmosphere and it is one of the critical parameter for radiative forcing calculations [53] . Absorption coefficient at 520 nm shows similar spatial variability along the BRV as that of the BC mass concentration indicating one to one relationship 
Aerosol Scattering Properties
The aerosol scattering coefficient (β sca ) was computed using the Integrating Nephelometer data at 530 nm. Figure 10 The Atmosphere contains simultaneous presence of both scattering and absorbing type aerosols with contrasting effect in aerosol radiative forcing [42] .
The single scattering albedo (SSA, ω 0 ) which is the ratio of scattering to extinction coefficient of aerosols, provide important information on relative potential of the aerosol in cooling or warming of the atmosphere. The knowledge of single scattering albedo is very crucial as small error in its magnitude can produce large difference in the estimated values of aerosol radiative forcing [57] . The magnitude of ω 0 considered as an index for the relative dominance of scattering with respect to absorbing type of aerosols, which can range from 0 (purely absorbing) to 1 (purely scattering). Ganguly et al. [55] have shown that for the same aerosol optical depth (AOD) and mass loading over Bay of Bengal, atmospheric forcing by aerosols is very sensitive to ω 0 . Over land areas, knowledge of ω 0 becomes even more critical and any small change in its value can have larger impact resulting from flux changes within and below the aerosol layer such as differential heating rates, changes in atmospheric stability and cloud formation [58] . In this particular study, we have estimated the single scattering albedo of aerosols from the ratio of scattering coefficient at 0.53 µm using Nephelometer and its sum with the absorption coefficient at 0.52 µm measured using Aethalometer. Measured values of scattering coefficient are associated with some angular truncation loss which is an inherent and unavoidable problem for all Nephelometers [59] .
Taking into account all possible sources of error, overall uncertainty in the estimated value of ω 0 during the present study is around 8%. Figure 11 shows the variation of ω 0 along the BRV with vertical lines on top of each bar representing ±1σ variation about the mean.
The lowest value of ω 0 was found to be at BKH in CS having value of 0.55 ± 0.07 and highest value of 0.89 ± 0.05 was observed at BNG in WS. The SSA values over all stations except DHB and BNG is very high (below 0.8) indicating relative dominance of absorbing aerosols along the entire BRV. Pathak et al. [41] has also reported higher absorbing aerosol over Dibrugarh (DBG in ES) that is comparable to many locations in IGP. Tripathi et al. [60] reported SSA value for
Delhi and Kanpur to be 0.67 and 0.76 during pre-monsoon period and December month respectively. The SSA values over the BRV are also comparable to that over IGP regions. The SSA also shows similar trend with respect to the 
Aerosol Radiative Forcing
The radiative effect due to aerosol-radiation interactions also known as direct radiative forcing (RF) is the change in radiative flux caused by the combined scattering and absorption of radiation by anthropogenic and natural aerosols.
The RF requires knowledge of the spectrally varying aerosol extinction coefficient, single scattering albedo, and phase function, which can in principle be estimated from the aerosol size distribution, shape, chemical composition and mixing. Short wave aerosol radiative forcing ranging from 0.25 -4.0 µm is calculated using the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model [37] . The positive forcing arises due to the absorption of radiation by significantly larger concentration of black carbon in the atmosphere over all sites. The TOA RF also is positive for all locations except the GHY and JRH, which are the two major urban locations along the BRV. Significant contribution of absorbing aerosols to lower atmospheric warming over different parts of NE region of India has also been reported by Gogoi et al. [62] . Pathak et al. [63] have reported that atmospheric forcing due to composite aerosols over Imphal (a valley location south of DMD in NE region of India) was 25. . The global mean clear-sky ARF at the TOA and the surface are however found to be negative [64] . 
Summary and Conclusions
The first ever land campaign along the BRV was conducted during February 3 to March 2, 2011 along the western to eastern corridor of the Brahmaputra River valley in Assam. The campaign revealed significant regional heterogeneity in aerosol physical and optical properties along the BRV. The short wave aerosol radiative forcing computed using SBDART model also displayed regional variability. The summaries of major observations are mentioned in Table 1 .
The following conclusions are drawn based on the observations and analysis of the data:
• The AOD, BC, PM, scattering coefficient, and absorption coefficient are higher over the western sector of the BRV than over the central and eastern sector. Distinct spatial heterogeneity with a continual decrease in the values of most of the parameters was observed as we travelled from west to east along the BRV. Eastern locations are distinctly less polluted compared to the western and middle Assam locations.
• Surface level aerosols in BRV are dominated by PM2.5 throughout the BRV.
The BC has significant contribution in total aerosol loading in all stations.
• The coarse mode aerosols probably are of similar density along the valley.
The difference in AOD along the valley is because of variation in fine mode aerosols. The low curvature in ln AOD λ vs ln λ and high AOD suggest bimodal distribution. There is a dominance of coarse mode particles over the ES and fine mode particles over the WS locations as observed by analyzing the Angstrom exponent computed using different wavelength pairs.
• The analysis of AOD, BC, and PM suggest significant presence of vertically distributed aerosol over the extreme western locations, which could have large contribution from transported aerosol from IGP.
• The locations in the western part of the valley are high both in absorption coefficient and scattering coefficient. The difference being more for the scattering coefficient manifests into higher single scattering albedo over the western locations. The sources of absorbing and scattering aerosols are probably the same along the valley.
• Northwesterly surface wind direction travelling along the IGP causes higher aerosol over the entire valley and most significantly over the western sector of the valley.
• The radiative forcing shows the highest surface level forcing over the western locations and the same was continually decreasing as we move from west to east along the valley. Higher BC aided positive forcing at atmospheric level was observed throughout the valley.
